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Abstract 
 
European larch (Larix decidua) forests of the western Alps form extensive cultural landscapes 
whose resilience to global changes is currently unknown. Resilience describes the capacity of 
ecological systems to maintain a “stable state”, i.e. constant functions, processes, structure, and 
identity despite disturbances, environmental changes and internal fluctuations. Our aim is to 
explore the resilience of larch forests to changes in climate and land use in the western Italian 
Alps. 
To do so, we assumed that mountain forests ecosystems can exist under alternative stable states. 
To describe quantitatively the larch forest state we used species tree basal area data obtained from 
field forest inventories in combination with topography, forest structure, land use, and climate 
information. To infer the resilience of larch forests relative to that of other forest states we 
applied three different probabilistic methods: frequency distributions, logistic regressions, and 
potential analyses. 
We found patters indicative of alternative stable states: bimodality in the frequency distribution 
of the percent of larch basal area, and the presence of an unstable state, i.e., transient mixed larch 
forests, in the potential analyses. We also found: (1) high frequency of pure larch forests at high 
elevation, (2) the probability of pure larch forests increased mostly with elevation, and (3) pure 
larch forests were a stable state in the upper montane and subalpine belts. Likewise, in the upper 
montane belt open canopy cover and high grazing pressure increased the frequency of larch 
forests. 
Our study shows that the resilience of larch forests may increase with elevation, most likely due 
to the altitudinal effect on climate. Subalpine larch forests may be more resilient, and natural 
succession after land abandonment, e.g., towards Pinus cembra forests, seems slower than in 
montane larch forests. In contrast, in the upper montane belt only intense land use regimes 
characterized by open canopies and forest grazing may maintain larch forests. We conclude that 
similar approaches could be applied in other forest ecosystems to infer the relative resilience of 
tree species. 
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1. Introduction 
 
Global change is affecting forest ecosystems worldwide. In mountains, land use changes are 
likely to have a greater impact than climate on forest structure and composition, and in turn, on 
the supply of ecosystem goods and services (Körner 2014). In the western Alps, European larch 
(Larix decidua Miller) forests are extensive cultural landscapes that provide diverse ecosystem 
services, such as timber production, landscape scenery, recreation, protection from 
hydrogeomorphic hazards, and biodiversity (Garbarino et al. 2011). In the last centuries, some 
land uses have strongly favored the dominance of larch over other tree species (Bourcet 1984). In 
particular, traditional silvopastoral activities such as timber harvesting, periodical pastoral fires, 
and heavy grazing have prevented natural succession and maintained landscapes dominated by 
larch (Holtmeier 1995; Schulze et al. 2007) by creating suitable conditions for its natural 
regeneration, i.e., open canopies and mineral soil exposure (larch is a light-demanding, pioneer 
species that regenerates on bare soil) (Holtmeier 1995; Schulze et al. 2007). Howerer, a  strong 
reduction in population density and grazing pressure occurred in the 20th century, and nowadays 
forest grazing is not anymore the most important service of these forests (Garbarino et al. 2011). 
In the same period, pastoral fires have been banned and fire suppression policies have markedly 
reduced fire occurrence. In the absence of such historical land uses, other species such as Picea 
abies, Abies alba and Pinus cembra dominate the current natural regeneration (Motta and Dotta 
1995), and the resilience of larch forests has been questioned (Bonnassieux 2001). 
 
Resilience can be defined as the capacity of a system to absorb disturbances, environmental 
changes, and fluctuations in its internal components, and still retain the same state, i.e. function, 
processes, structure and identity (Holling 1973; Walker et al. 2004; Mumby et al 2014). Shifts 
from one state of the system to another can result from diverse causes: exogenous disturbances, 
gradual changes in environmental conditions, endogenous processes, or any combination of the 
three (Scheffer and Carpenter 2003; Staal et al. 2015). Indeed, resilience can be used to measure 
the probability that a system remains stable given a particular change (Holling 1973; Peterson 
2002; Beisner 2012; Mumby et al. 2014).  
 
Systems can also exist in multiple, or “alternative”, stable states under the same set of 
environmental conditions (Beisner et al. 2003; Schröder et al. 2005; Petraitis 2013; Kéfi et al. 
2016), for example in stochastics environments with strong disturbances. Theoretically, such 
systems are more often found close to attractors (stable states) than around repellors (unstable 
states) (Scheffer at al. 2015). This has important practical implications for the quantitative 
analysis of resilience. First, frequency distributions of the state variable can be used to 
approximate the shapes of basins of attraction that compose the “stability landscape” (Scheffer at 
al. 2012a, 2015). Second, the probability of finding a given state is indicative of its resilience, 
because states with bigger basins of attraction have higher chances to persist despite disturbances 
(Hirota et al. 2011; Scheffer at al. 2012b, 2015). Third, it is possible to reconstruct stability 
landscapes (i.e., representations of the basins of attraction) using potential analysis based on 
temporal and spatial datasets (Livina et al. 2010; Hirota et al. 2011; Scheffer at al. 2012b, 2015). 
These probabilistic methods infer relative resilience, i.e., the resilience of one state is relative to 
that of other states (Scheffer at al. 2015).  
 
Our aim is to explore the resilience of European larch forests to changes in climate and land use 
in the western Italian Alps. To do this, we considered larch forests as an alternative stable state of 
mountain forest ecosystems along an elevation gradient, and used larch basal-area dominance as 
the state variable. We applied frequency distributions, logistic regressions, and potential analyses 
to tree data obtained from field forest inventories in combination with topography, forest 
structure, land use, and climate information. We suggest that similar approaches can be applied in 
other forest ecosystems. 
 
2. Materials and methods 
 
2.1. State variable and drivers 
 
To calculate the state variable of larch forests we used data from 7305 plots of the forest 
inventories of Aosta Valley and Piedmont regions in northwestern Italy (Figure 1). The forest 
inventories were conducted between 1993 and 2003 using similar survey protocols. Species was 
identified and the diameter at breast height (dbh) was measured from all the living tress with dbh 
> 7.5 cm inside circular plots with a variable radius between 8-15 m depending on tree density.  
 
 
Figure 1. Distribution of 7305 forest inventory plots (black dots) in the regions of Piedmont (PI) 
and Aosta Valley (AO) in Italy. 
 
We chose the percent of larch basal area in the plot as state variable. Indeed, basal area is an 
integrative descriptor of forest structure in larch forests (Garbarino et al. 2009). We considered 
13 potential drivers of larch resilience (Table 1). These variables are proxies of the factors that 
influence the distribution of European larch forests, i.e., topography, forest structure, land use, 
and climate (Caccianiga et al. 2008; Garbarino et al. 2009, 2011, 2013). We did not want to 
inflate the state variable with zero values by extending the study area where European larch is 
absent. Thereby, we did not include plots from forest districts in Piedmont where the cover of 
larch forests was < 5% of the total forest area. 
 
Table 1. State variable and potential drivers of European larch resilience. 
Variable  Unit Description Source 
State:       
Larix % Proportion of Larix decidua in  Calculated from RFI 
    the total basal area of the plot   
Topography:       
Elevation m Meters above sea level RFI 
Slope ° Steepness of terrain RFI 
Aspect Factor North, East, South, West RFI 
Forest structure:       
Canopy cover % Proportion of forest floor covered  RFI 
    by tree crowns   
Basal area m2/ha Land occupied by the cross-section  RFI 
    of tree stems at 1.3 m   
Land use:       
Pasture Factor Domestic animals, wild ungulates,  RFI 
    no signs   
Grazing % Proportion of area covered by only  CORINE land cover 
    herbaceous and shrub vegetation   
    within a 200-m-radius area from    
    the plot center   
Climate:       
Annual precipitation mm Annual precipitation Global Climate Data 
Mean annual temperature °C Mean annual temperature  Global Climate Data 
Mean temperature July °C Mean temperature in July Global Climate Data 
Mean temperature January °C Mean temperature in January Global Climate Data 
Gams index ° Annual precipitation/Elevation Calculated from GCD 
Icc   Temp July – Temp January +  Calculated from GCD 
    (Elevation*0.6/100)   
Icc: Compensated Continentality Index; RFIs: Regional Forest Inventories; CORINE land cover: 
European land use classes map in 1990; Global Climate Data (GCD): set of climate grids with a 
spatial resolution of 1 Km2 for the period 1950-2000 (Hijmans et al. 2005). 
 
2.2. Methods of analysis 
 
We carried out three kinds of analyses to explore the resilience of larch forests: (1) frequency 
distributions to detect changes in the modality of the state variable, (2) logistic regressions to 
estimate probabilities of finding pure larch forests, and (3) potential analyses to detect stable and 
unstable states, and provide a qualitative estimation of the resilience of larch forests. We 
performed all the analyses within the R statistical framework (R Core Team 2014), except in the 
case of potential analyses where we also used MATLAB R2014b. The datasets and R scripts are 
available in Appendix B. 
 
2.3. Frequency distributions 
 
We first divided the dataset into four elevation belts: > 1900 m (subalpine), 1400-1900 m (upper 
montane), 900-1400 m (lower montane), and < 900 m (lowland). We additionally divided each 
driver into four levels to see how relative frequency distributions of the state variable varied 
along elevation and those four levels of each driver. 
 
2.4. Logistic regressions 
 
First, we explored collinearity between drivers with Pearson’s r correlation coefficients and 
boxplots. We excluded variables from further analyses when r > 0.6.  Beforehand, we divided the 
plots into two classes to create the response variable for the logistic regressions. We grouped 
together plots where the percent of larch basal area was > 75%, which represented pure larch 
forest stands (value = 1; in the rest of the plots value = 0). We ran a logistic regression with six 
drivers and checked for quadratic terms and interactions among drivers (Hosmer and Lemeshow 
2000). We assessed the goodness-of-fit of the model with the Nagelkerke R2 and the area under 
the curve (AUC), and the relative importance of the drivers with hierarchical partitioning. 
Finally, we ran logistic regressions with different thresholds for the definition of pure larch, i.e., 
from 55% to 95% larch basal area, to assess how such thresholds affected statistical significance 
and relative importance of the drivers. 
 
2.5. Potential analyses 
 
Potential analysis is a method developed to detect the number of states in non-linear dynamical 
systems affected by stochastic processes (Livina et al. 2010). The potential function, derived 
from a probability density function, only requires data on the state variable and one driver (or 
time). Potential values, obtained from the potential function, are equivalent to the height of the 
stability landscape, and thus it is possible to compute stability landscapes along the gradient of 
the driver, obtaining a potential landscape (Hirota et al. 2011; Scheffer et al. 2012b). Local 
minima and maxima in the potential landscape correspond to attractors (stable states) and 
repellers (unstable states) respectively. Potential landscapes are useful to know the number of 
states in a system, detect alternative stable states, and estimate resilience qualitatively. We used 
the function movpotential_ews from the package earlywarnings in R to build potential landscapes 
(Dakos et al. 2012). We followed Hirota et al. (2011) and Scheffer et al. (2012b) to detect local 
minima and maxima by using the same code in MATLAB and a threshold value = 0.002. 
 
We first computed a potential landscape using all the forest inventory plots and elevation as the 
main driver. We wanted to know how other drivers influenced the potential landscape. Therefore, 
we divided the dataset into four levels for each driver, in the same way we did with frequency 
distributions. We then computed potential landscapes (always using elevation as driver) from 
these partial datasets, for example from plots where canopy cover > 80%, or from plots where 
grazing < 25%.  
 
Forests of Pinus cembra are potentially a later seral stage in the succession of subalpine larch 
forests (Ozenda 1985). We performed a potential analysis with data coming only from the forest 
district of Varaita Valley (Figure A1), where is located the largest forest of Pinus cembra in the 
western Italian Alps. Finally, we divided the dataset into two climate sectors (Camerano et al. 
2007, 2008) (Figure A1), endalpic (more continental) and mesalpic (more oceanic), and 
computed a potential landscape for each sector. 
 
3. Results 
 
3.1. Frequency distributions 
 
The relative frequency distribution of the state variable was bimodal with two peaks around 0 and 
100%, and low frequencies in the rest of the range (Figure A2). Both peaks represented two 
different states: a state with no larch, and a pure larch state. The frequency distribution of the 
state variable varied strongly with elevation (Figure 2): at low elevation (lowland and lower 
montane) the non-larch state was the most frequent, and on the contrary, at high elevation 
(subalpine) the pure larch state dominated (unimodal distribution). In the upper montane belt 
(1400-1900 m) the distribution of larch basal area was bimodal (Figure 2). Larch dominated more 
where the presence of domestic animals was confirmed and where canopy cover was low (Figure 
3). These patters were weaker in the lower montane and subalpine belts, but clearer in the upper 
montane elevation range (Figure 3). 
 
 
Figure 2. Relative frequency distributions of the state variable in different elevation belts: 
subalpine (1900-2400 m), upper montane (1400-1900 m), lower montane (900-1400 m) and 
lowland (200-900 m).  
 
 
Figure 3. Relative frequency distributions of the state variable in different elevation belts and 
levels of two drivers: pasture and canopy cover. Grey bars represent presence of domestic animal 
signs (left) and 20-40% canopy cover (right), while dashed bars represent absence of animal signs 
(left) and 80-100% canopy cover (right).  
 
3.2. Logistic regressions 
 
There was a strong correlation between elevation and all the climate variables (Table A1), and so 
we did not include climate variables in the logistic regressions. We selected elevation instead of 
any climate variable because we can know elevation accurately at small scale, while climate 
variables are generated through interpolation of data from weather stations at higher spatial scale. 
We also dropped pasture due to collinearity with elevation, canopy cover, and grazing. 
 
The probability of finding pure larch forest stands increased with elevation, grazing pressure and 
in north slopes, while decreased with canopy cover and in south slopes (Table 2). Slope and basal 
area were not significant predictors (Table 2). Goodness-of-fit of the model: Nagelkerke R2 = 
0.467 and AUC = 0.890. Elevation was the most important variable explaining the presence of 
pure larch forests, followed by canopy cover and grazing pressure (Table 2). The threshold value 
used to define pure larch stands did not affect either statistical significance or relative importance 
of the drivers in the logistic regressions. 
 
Table 2. Summary of the logistic regression model. 
Variable Coefficient Std. error z value p value rel. imp. (%) 
Elevation 0.003 0.000 28.701 < 0.001 66.2 
Slope -0.009 0.004 -2.366 0.018 0.2 
Aspect North 0.399 0.105 3.814 < 0.001 3.6 
Aspect West 0.079 0.113 0.702 0.483   
Aspect South -0.647 0.126 -5.149 < 0.001   
Canopy cover -0.023 0.002 -11.445 < 0.001 18.1 
Basal area -0.002 0.003 -0.551 0.582 1.4 
Grazing 0.010 0.001 8.493 < 0.001 10.5 
Significant results in bold (alpha = 0.01); rel. imp. (relative importance): proportion of the total 
explained variance. 
 
3.3. Potential analyses 
 
In the potential landscape computed from the whole dataset with elevation as driver (Figure 4), 
we detected two states, which are represented by two main series of local minima (i.e., 
attractors). One corresponded to pure larch forests (red dots at the top of Figure 4), and the 
second state corresponded to other forests in the study area, e.g., Pinus sylvestris, Picea abies or 
Fagus sylvatica (red dots at the bottom of Figure 4). We also detected an unstable state, which is 
represented by local maxima (i.e., repellers; blue diamonds in the center of Figure 4), and 
corresponded to mixed larch forests. The overlap of both stable states (pure larch and non-larch) 
generated a bistability range in the upper montane belt (approximately 1400-1900 m). On the 
other hand, in the subalpine belt (> 1900 m) only pure larch appeared as attractor, whereas in the 
lower montane and lowland belts (< 1400 m) only non-larch attractors were present. 
 
 
Figure 4. Potential landscape and local minima (red dots) and maxima (blue diamonds) 
computed using the state variable (i.e, the percent of larch basal area), and elevation as driver. 
Empty dots represent 7305 forest inventory plots. Lines represent isocurves of potential. Both 
stable states correspond to two groups of local minima: at the top the pure larch state, and at the 
bottom the non-larch state. The group of local maxima in the center symbolizes an unstable stable 
(i.e., mixed larch forests). The blue arrow indicates the overlap of both stable states in the upper 
montane belt (bistability range).  
 
We observed two types of changes in potential landscapes computed from partial datasets (Figure 
5): (1) the degree of overlap between stable states, and (2) its position along the elevation 
gradient. For instance, when canopy cover > 80% (Figure 5D), the bistability range decreased 
and moved towards higher elevation. On the other hand, when grazing > 75% (Figure 5E), the 
bistability range shifted towards lower elevation. 
 
 
Figure 5. Potential landscapes and local minima (red dots) and maxima (blue diamonds) 
computed from partial datasets using the state variable (i.e, the percent of larch basal area), and 
elevation as driver. The blue arrow indicates the bistability range.  
 
The potential landscape of Varaita Valley showed a third stable state, i.e., cembran pine forest 
(Figure 6). In fact, at high elevation cembran pine was the only stable state and we did not detect 
the pure larch state in the subalpine range. We suspect that this may be due to the small dataset 
used in the analysis (only 313 plots), and an overlap between larch and cembran pine could be 
detected in if more plots were available. On the other side, bistability took place at lower 
elevation in the endalpic potential landscape (Figure 7 right) than in the mesalpic potential 
landscape (Figure 7 left). 
 
 
Figure 6. Potential landscape and local minima (red dots) and maxima (blue diamonds) of 
Varaita Valley. 
 
 
Figure 7. Potential landscapes and local minima (red dots) and maxima (blue diamonds) of the 
mesalpic (left) and endalpic (right) climate sectors. Blue arrow: bistability range. Temp: mean 
annual temperature (mean ± sd); Prec: annual precipitation (mean ± sd). 
 
4. Discussion 
 
4.1. Alternative stable states and relative resilience 
 
Our results suggest that ecosystems of the western Italian Alps display alternative stable states in 
relation to larch dominance. We found two patterns indicative of the existence of alternative 
stable states (Petraitis 2013): (1) bimodality in the frequency distribution of the state variable, 
i.e., larch dominance (Figure A2), and (2) the presence of an unstable state (mixed larch forests) 
in the potential landscape, which implies the presence of two alternative stable states (pure larch, 
or absence of larch) under similar environmental conditions (Figure 4). In the lower montane 
belt, pure larch forests were infrequent at any level of either grazing pressure or canopy cover 
(Figure 3). In contrast, in the upper montane belt, open canopy cover and high grazing pressure 
increased notably the frequency of pure larch forests, whereas in closed forests and under low 
grazing pressure the frequency of pure larch forest decreased (Figure 3). At subalpine elevations 
larch dominated ubiquitously (Figure 3), which suggests that high elevation climate reduces 
considerably the probability of shifts from larch forests to other forest composition, despite 
changes in the land use regime. In summary, larch forests occur along a wide elevation range, but 
only in the upper montane and subalpine belts they represent a stable state. In the upper montane 
belt, it seems that land use is an important factor driving the occurrence of either of the two 
alternative stable states (Staver et al. 2011; Dantas et al. 2015). Therefore, the persistence of larch 
forests most likely depends on the interplay between climatic conditions and land use regime.  
 
To interpret resilience from the results, we made some assumptions based on generic properties 
of ecological systems with alternative stable states (Scheffer and Carpenter 2003; Hirota et al. 
2011; Scheffer et al. 2012b, 2015; Dakos et al. 2015). First, systems tend to occur more 
frequently in states that are more resilient. Consequently, the high frequency of pure larch forests 
at high elevation may reflect its high relative resilience in the subalpine belt (Figure 2). Second, 
probabilities from logistic regression can be interpreted as likelihoods of persisting in a given 
state, i.e., as numerical indicators of relative resilience. Our logistic model suggests that mostly 
elevation, but also grazing pressure and canopy openness may increase larch resilience (Table 2). 
Third, relative resilience declines towards bifurcation points, i.e., the extreme attractor points in 
the bistability range of the potential landscape. In our dataset, pure larch forests became more 
likely with increasing elevation (Figure 4), and the inferred bistability range was displaced, 
enlarged, or shortened by several drivers (Figure 5) (van Nes et al. 2014). Therefore, relative 
resilience of larch forests increased with elevation and may be higher on north slopes, at low 
canopy cover, and high grazing pressure.   
 
Resilience may be easy to understand but difficult to evaluate, especially in slow-responding 
systems like forests (Reyer et al. 2015). We applied a combination of different probabilistic 
methods searching for multiple evidences that converged on the same kind of conclusion 
(Scheffer and Carpenter 2003). The probabilistic resilience that we inferred in this study must be 
interpreted as a generic resilience of larch forests to state shifts, either slow such as forest 
succession, or sudden such as natural disturbances. However, we need further research on the 
impact of specific disturbances on larch forests to confirm that the studied drivers affect larch 
resilience to different disturbance agents (e.g., forest fires or snow avalanches) in the same way 
we presented here. 
 
4.2. Driving factors of European larch forests 
 
Elevation was a key variable to explain the distribution of European larch forests. In the Alps, air 
temperature decreases linearly with elevation, while the positive relationship between elevation 
and precipitation can vary regionally in different ways (Ozenda 1985; Sevruk 1997; Körner 
2007). Continental conditions are suitable for larch, and European larch forests find these 
conditions in the subalpine belt (Ozenda 1985). Potential analyses of endalpic and mesalpic 
climatic sectors (Figure 7) pointed in the same direction: resilience of European larch forests 
increases with continentality. Furthermore, potential landscapes with Gams index and Icc (i.e., 
hygric and thermal bioclimatic indices of continentality respectively) as drivers (Figure A3) 
showed similar patters to the ones obtained with elevation (Figure 4). Therefore, the fact that 
elevation may be the main driver of larch forests resilience most likely comes from the elevation 
effect on climate, especially regarding temperature. In the Alps, temperatures are projected to 
increase during the 21st century (Zimmermann et al. 2013; Gobiet et al. 2014), and climate 
change is expected to reduce the area with suitable climatic conditions for European larch 
(Casalegno et al. 2010; http://forest.jrc.ec.europa.eu/activities/climate-change/species-
suitability/). Consequently, under global warming, we expect that the resilience of European larch 
forests will decline. 
 
Decreasing grazing is the main driver of the current dynamics of larch forests in the western Alps 
(Motta and Nola 2001; Motta and Edouard 2005; Motta and Lingua 2005; Motta et al. 2006). 
Nowadays, montane and low elevation larch forests are being replaced by other tree species 
(Motta and Dotta 1995), whereas larch colonizes abandoned subalpine pastures and the treeline 
(Didier 2001). However, this upward displacement seems to be caused mainly by land 
abandonment, that exceeds the effects of climate warming by allowing forest maturation and 
succession (Bodin et al. 2013) and an upward shift of the treeline (Gehrig-Fasel et al. 2007). In 
European larch forests, low basal area and canopy cover are indicators of strong human influence 
(Garbarino et al. 2011), and could be utilized as proxies of land use. Our results indicate that 
human activities, such as forest grazing, seem to be important to maintain larch forests, especially 
in the upper montane belt (Figure 3). Nevertheless, it is likely that our results underestimate the 
effects of land use because: (1) the proxies are not able to fully capture the historical intensity of 
grazing, and (2) high levels of grazing pressure are underrepresented in the dataset due to the 
current abandonment of alpine farming. 
 
In the western Alps, larch has a pioneer role in the forest succession, and is considered a 
temporary seral stage in the succession towards other forest types (Motta and Dotta 1995; 
Bonnasiuex 2001). Our results show that mixed-larch forests are unstable states (Figure 4), and 
probably most of them are in transition from pure larch stands to other forest types. Pure larch 
forests were the only stable state detected in the subalpine belt (Figure 4); however, the slow rate 
of species change in subalpine areas forests may make larch forests appear more resilient than 
they actually are (Ratajczak and Nippert 2012). On the other side, traditional silvopastoral 
activities have been crucial to slow down and interrupt natural succession (Holtmeier 1995; 
Schulze et al. 2007) by (1) maintaining open structures that favored the regeneration of larch, (2) 
promoting larch establishment on bare soil, or (3) removing all regeneration in larch stands. 
Therefore, when traditional silvopastoral management is abandoned, natural regeneration from 
other tree species invades larch stands, at faster rates in montane larch forests (Motta and Dotta 
1995). 
 
Silvopastoral activities eliminated Pinus cembra during centuries, to the point that it was almost 
removed from the alpine forest landscape (Holtmeier 1990, 1994; Boden et al. 2010). However, 
due to land abandonment, cembran pine is gradually replacing larch at high elevation, although 
the succession is slow and mixed larch-cembran pine stands can persist for centuries (Motta and 
Nola 2001; Motta and Lingua 2005; Motta et al. 2006). Cembran pine is considered a typical 
species of advance successional stages in subalpine forests (Bonnasieux 2011), but is also able to 
colonize abandoned subalpine pastures and the treeline because (Holtmeier 1990): (1) a dense 
cover of grasses and dwarf shrubs does not prevent its regeneration, and (2) its seeds are mainly 
dispersed by a bird, the European nutcracker (Nucifraga caryocatactes). We could not detect any 
state that represented cembran pine forests because its presence in the dataset was very rare with 
the exception of Varaita Valley (Figure 6). Nonetheless, cembran pine forests may be an 
alternative stable state in the subalpine belt, and may finally dominate where larch forests 
undergo land abandonment for long periods (Figure A4).  
 
5. Conclusions 
 
Elevation is probably the main driver of larch forests resilience to land use and climate changes  
in the Western European Alps. Resilience may increase with elevation because climate becomes 
more continental at high altitudes. However, larch resilience may be contingent upon diverse 
drivers. For instance, resilience could be higher in north slopes and open larch forests. European 
larch forests (Figure A5) are possibly alternative stable states in the western Alps. In the 
subalpine belt, larch forests may be more resilient, and thus natural succession after land 
abandonment is slower than in lower elevation ranges. Conversely, in the upper montane belt, 
only intense land use regimes seem to maintain larch forests. We expect climate change to 
decrease larch forests resilience, while land use changes will most likely reduce the extension of 
montane larch forests. At the same time, global warming and land abandonment are expected to 
govern the colonization of subalpine pastures and the tree line by mainly larch and cembran pine. 
 
In this study, we provide an example of how to infer a generic relative resilience of a single tree 
species without information on forest disturbances. We used data from field forest inventories 
and combined three different methods, i.e., frequency distributions, logistic regressions, and 
potential analyses. Similar approaches can be applied from regional to national and continental 
scales. If data about the state variable (e.g., a tree species or a forest type) and drivers are not 
available from traditional forest inventories, perhaps such data can be obtained by other means, 
e.g., remote sensing. This approach could help to prepare forest resilience maps, showing where 
changes in forest species are more likely under diverse scenarios. 
 
Acknowledgments 
 
We thank Regione Autonoma Valle d’Aosta, Regione Piemonte and IPLA S.p.A. for data 
provision, Egbert van Nes for sharing the MATLAB codes, and Vasilis Dakos and Leo Lahti for 
help with the R package earlywarnings. Funding to the principal investigator was provided 
through a PhD scholarship by Compagnia di San Paolo. 
 
References 
 
Beisner BE. 2012. The shifting states of resilience: easier to define than to measure. Ideas in 
Ecology and Evolution 5: 57-62. doi:10.4033/iee.2012.5.13.c 
 
Beisner BE, Haydon DT, Cuddington K. 2003. Alternative stable states in ecology. Frontiers in 
Ecology and the Environment 1: 376-382. doi:10.1890/1540-
9295(2003)001[0376:ASSIE]2.0.CO;2 
 
Bestelmeyer BT, Ellison AM, Fraser WR, Gorman KB, Holbrook SJ, Laney CM, Ohman MD, 
Peters DPC, Pillsbury FC, Rassweiler A, Schmitt RJ, Sharma S. 2011. Analysis of abrupt 
transitions in ecological systems. Ecosphere 2: article129. doi:10.1890/ES11-00216.1 
 
Boden S, Pyttel P, Eastaugh CS. 2010. Impacts of climate change on the establishment, 
distribution, growth and mortality of Swiss stone pine (Pinus cembra L.). iForest 3: 82-85. doi: 
10.3832/ifor0537-003 
 
Bodin J, Badeau V, Bruno E, Cluzeau C, Moisselin JM, Walther GR, Dupouey JL. 2013. Shifts 
of forest species along an elevational gradient in Southeast France: climate change or stand 
maturation? Journal of Vegetation Science 24: 269-283. doi:10.1111/j.1654-1103.2012.01456.x 
 
Bonnassieux D. 2001. Les mélèzeins menacés par la dynamique végétale. Forêt Méditerranéenne 
22: 241-252. http://www.foret-mediterraneenne.org/upload/biblio/FORET_MED_2001_3_241-
252.pdf (accessed 25.11.2016) 
 
Bourcet J. 1984. Le mélèze dans les Alpes internes. Revue Forestière Française 36: 19-32. 
doi:10.4267/2042/21703 
 
Caccianiga M, Andreis C, Armiraglio S, Leonelli G, Pelfini M, Sala D. 2008. Climate 
continentality and treeline species distribution in the Alps. Plant Biosystems 142: 66-78. 
doi:10.1080/11263500701872416 
 
Camerano P, Gottero F, Terzuolo PG, Varese P. 2008. Tipi forestali del Piemonte. Regione 
Piemonte, Torino, 216 pp. 
 
Camerano P, Terzuolo PG, Varese P. 2007. I tipi forestali della Valle d’Aosta. Compagnia delle 
Foreste, Arezzo, 240 pp. 
 
Carpenter S, Walker B, Anderies JM, Abel N. 2001. From metaphor to measurement: resilience 
of what to what? Ecosystems 4: 765-781. doi:10.1007/s10021-001-0045-9 
 
Casalegno S, Amatulli G, Camia A, Nelson A, Pekkarinen A. 2010. Vulnerability of Pinus 
cembra L. in the Alps and the Carpathian mountains under present and future climates. Forest 
Ecology and Management 259: 750-761. doi:10.1016/j.foreco.2009.10.001 
 
Dakos V, Carpenter SR, Brock WA, Ellison AM, Guttal V, Ives AR, Kéfi S, Livina V, Seekell 
DA, van Nes EH, Scheffer M. 2012. Methods for detecting early warnings of critical transitions 
in time series illustrated using simulated ecological data. PLOS ONE 7: e41010. doi: 
10.1371/journal.pone.0041010 
 
Dakos V, Carpenter SR, van Nes EH, Scheffer M. 2015. Resilience indicators : prospects and 
limitations for early warnings of regime shifts. Philosophical Transactions of the Royal Society 
B: Biological Sciences 370: 20130263. doi:10.1098/rstb.2013.0263 
 
Dantas VdL, Hirota M, Oliveira RS, Pausas JG. 2016. Disturbance maintains alternative biome 
states. Ecology Letters 19: 12-19. doi:10.1111/ele.12537 
 
Didier L. 2001. Invasion patterns of European larch and Swiss stone pine in subalpine pastures in 
the French Alps. Forest Ecology and Management 145: 67-77. doi:10.1016/S0378-
1127(00)00575-2 
 
Garbarino M, Lingua E, Subirà MM, Motta R. 2011. The larch wood pasture: structure and 
dynamics of a cultural landscape. European Journal of Forest Research 130: 491–502. 
doi:10.1007/s10342-010-0437-5 
 
Garbarino M, Lingua E, Weisberg PJ, Bottero A, Meloni F, Motta R. 2013. Land-use history and 
topographic gradients as driving factors of subalpine Larix decidua forests. Landscape Ecology 
28: 805-817. doi:10.1007/s10980-012-9792-6 
 
Garbarino M, Weisberg PJ, Motta R. 2009. Interacting effects of physical environment and 
anthropogenic disturbances on the structure of European larch (Larix decidua Mill.) forests. 
Forest Ecology and Management 257: 1794-1802. doi:10.1016/j.foreco.2008.12.031 
 
Gehrig-Fasel J, Guisan A, Zimmermann NE. 2007. Tree line shifts in the Swiss Alps: climate 
change or land abandonment? Journal of Vegetation Science 18: 571-582. doi:10.1111/j.1654-
1103.2007.tb02571.x 
 
Gobiet A, Kotlarski S, Beniston M, Heinrich G, Rajczak J, Stoffel M. 2014. 21st century climate 
change in the European Alps-A review. Science of the Total Environment 493: 1138-1151. 
doi:10.1016/j.scitotenv.2013.07.050 
 
Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005. Very high resolution interpolated 
climate surfaces for global land areas. International Journal of Climatology 25: 1965-1978. 
doi:10.1002/joc.1276 
 
Hirota M, Holmgren M, van Nes EH, Scheffer M. 2011. Global resilience of tropical forests and 
savanna to critical transitions. Science 334: 232-235. doi:10.1126/science.1210657 
 
Holling CS. 1973. Resilience and stability of ecological systems. Annual Review of Ecology and 
Systematics 4: 1-23. doi:10.1146/annurev.es.04.110173.000245 
 
Holtmeier FK. 1990. Disturbance and management problems in larch-cembra pine forests in 
Europe. In: Schmidt WC, McDonald KJ (Eds.). Proceedings-Symposium on whitebark pine 
ecosystems: ecology and management of a high-mountain resource. USDA Forest Service, 
Intermountain Research Station, Ogden, pp. 25-36. 
 
Holtmeier FK. 1994. Introduction to the Upper Engadine and its forest. In: Schmidt WC, 
Holtmeier FK (Eds.). Proceedings-International workshop on subalpine stone pines and their 
environment: the status of our knowledge. USDA Forest Service, Intermountain Research 
Station, Ogden, pp. 9-17. 
 
Holtmeier FK. 1995. European larch in Middle Europe with special reference to the Central Alps. 
In: Schmidt WC, McDonald KJ (Eds.). Ecology and management of Larix forests: a look ahead; 
Proceedings of an international symposium. USDA Forest Service, Intermountain Research 
Station, Ogden, pp. 41-49. 
 
Hosmer DW, Lemeshow S. 2000. Applied logistic regression. Wiley, New York, 375 pp. 
doi:10.1002/0471722146 
 
Johnstone JF, McIntire EJB, Pedersen EJ, King G, Pisaric MJF. 2010. A sensitive slope: 
estimating landscape patterns of forest resilience in a changing climate. Ecosphere 1: art14. 
doi:10.1890/ES10-00102.1 
 
Kéfi S, Holmgren M, Scheffer M. 2016. When can positive interactions cause alternative stable 
states in ecosystems? Functional Ecology 30: 88-97. doi:10.1111/1365-2435.12601 
 
Körner C. 2007. The use of ‘altitude’ in ecological research. Trends in Ecology and Evolution 22: 
569-574. doi:10.1016/j.tree.2007.09.006 
 
Körner C. 2014. Mountain ecosystems in a changing environment. eco.mont 6: 71-77. 
doi:10.1553/ecomont-6-1s71 
 
Livina, VN, Kwasniok F, Lenton TM. 2010. Potential analysis reveals changing number of 
climate states during the last 60kyr. Climate of the Past 6: 77-82. doi:10.5194/cp-6-77-2010 
 
Meyer K. 2016. A mathematical review of resilience in ecology. Natural Resource Modeling 29: 
339-352. doi:10.1111/nrm.12097 
 
Motta  R, Edouard JL. 2005. Stand structure and dynamics in a mixed and multilayered forest in 
the Upper Susa Valley, Piedmont, Italy. Canadian Journal of Forest Research 35: 21-36. 
doi:10.1139/x04-153 
 
Motta R, Dotta A. 1995. Les mélèzeins des Alpes occidentales: un paysage à défendre. Revue 
Forestière Française 47: 329-342. doi:10.4267/2042/26663 
 
Motta R, Lingua E. 2005. Human impact on size, age, and spatial structure in a mixed European 
larch and Swiss stone pine forest in the Western Italian Alps. Canadian Journal of Forest 
Research 35: 1809-1820. doi:10.1139/x05-107 
 
Motta R, Morales M, Nola P. 2006. Human land-use, forest dynamics and tree growth at the 
treeline in the Western Italian Alps. Annals of Forest Science 63: 739-747. 
doi:10.1051/forest:2006055 
 
Motta R, Nola P. 2001. Growth trends and dynamics in sub-alpine forest stands in the Varaita 
Valley (Piedmont, Italy) and their relationships with human activities and global change. Journal 
of Vegetation Science 12: 219-230. doi:10.2307/3236606 
 
Mumby PJ, Chollett I, Bozec YM, Wolff NH. 2014. Ecological resilience, robustness and 
vulnerability: how do these concepts benefit ecosystem management? Current Opinion in 
Environmental Sustainability 7: 22-27. doi:10.1016/j.cosust.2013.11.021 
 
Ozenda P. 1985. La végètation de la chaîne alpine dans l’espace montagnard européen. Masson, 
Paris, 344 pp. 
 
Peterson GD. 2002. Estimating resilience across landscapes. Ecology and Society 6: 17. 
http://www.ecologyandsociety.org/vol6/iss1/art17/ (accessed 25.11.2016) 
 
Petraitis P. 2003. Multiple stable states in natural ecosystems. Oxford University Press, Oxford, 
188 pp. doi:10.1093/acprof:osobl/9780199569342.001.0001 
 
R Core Team. 2014. R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. http://www.R-project.org/ 
 
Ratajczak Z, Nippert JB. 2012. Comment on “Global resilience of tropical forest and savanna to 
critical transitions”. Science 336: 541. doi:10.1126/science.1219346 
 
Reyer CPO, Brouwers N, Rammig A, Brook BW, Epila J, Grant RF, Holmgren M, Langerwisch 
F, Leuzinger S, Lucht W, Medlyn B, Pfeifer M, Steinkamp J, Vanderwel MC, Verbeeck H, 
Villela DM. 2015. Forest resilience and tipping points at different spatio-temporal scales: 
approaches and challenges. Journal of Ecology 103: 5-15. doi:10.1111/1365-2745.12337 
 
Scheffer M, Carpenter SR. 2003. Catastrophic regime shifts in ecosystems: linking theory to 
observation. Trends in Ecology and Evolution 18: 648-656. doi:10.1016/j.tree.2003.09.002 
 
Scheffer M, Carpenter SR, Dakos V, van Nes EH. 2015. Generic indicators of ecological 
resilience: inferring the chance of a critical transition. Annual Review of Ecology, Evolution, and 
Systematics 46: 145-167. doi:10.1146/annurev-ecolsys-112414-054242 
 
Scheffer M, Carpenter SR, Lenton TM, Bascompte J, Brock W, Dakos V, van de Koppel J, van 
de Leemput IA, Levin SA, van Nes EH, Pascual M, Vandermeer J. 2012a. Anticipating critical 
transitions. Science 338: 344-348. doi:10.1126/science.1225244 
 
Scheffer M, Hirota M, Holmgren M, van Nes EH, Chapin III FS. 2012b. Thresholds for boreal 
biome transitions. PNAS 109: 21384-21389. doi:10.1073/pnas.1219844110 
 
Schröder A, Persson L, De Roos AM. 2005. Direct experimental evidence for alternative stable 
states: a review. Oikos 110: 3-19. doi:10.1111/j.0030-1299.2005.13962.x 
 
Schulze ED, Mischì G, Asche G, Börner A. 2007. Land-use history and succession of Larix 
decidua in the Southern Alps of Italy-An essay based on a cultural history study of Roswitha 
Asche. Flora 202: 705-713. doi:10.1016/j.flora.2007.05.003 
 
Sevruk B. 1997. Regional dependency of precipitation-altitude relationship in the Swiss alps. 
Climate Change 36: 355-369. doi:10.1023/A:1005302626066 
 
Staal A, Dekker SC, Hirota M, van Nes EH. 2015. Synergistic effects of drought and 
deforestation on the resilience of the south-eastern Amazon rainforest. Ecological Complexity 22: 
65-75. doi:10.1016/j.ecocom.2015.01.003 
 
Staver AC, Archibald S, Levin SA. 2011. The global extent and determinants of savanna and 
forest as alternative biome states. Science 334: 230-232. doi:10.1126/science.1210465 
 
van Nes EH, Hirota M, Holmgren M, Scheffer M. 2014. Tipping points in tropical tree cover: 
linking theory to data. Global Change Biology 20: 1016-1021. doi:10.1111/gcb.12398 
 
Walker B, Holling CS, Carpenter SR, Kinzig A. 2004. Resilience, adaptability and 
transformability in social-ecological systems. Ecology and Society 9: 5. 
http://www.ecologyandsociety.org/vol9/iss2/art5/ (accessed 25.11.2016) 
 
Zimmermann NE, Gebetsroither E, Züger J, Schmatz D, Psomas A. 2013. Future climate of the 
European Alps. In: Cerbu G (Ed.). Management strategies to adapt Alpine space forests to 
climate change risks. InTech, Rijeka, pp. 27-36. doi:10.5772/56278 
 
  
Appendix A. Supplementary material 
 
Table A1. Pearson’s r correlation coefficients between continuous variables. 
  Elevation Slope Cover BA Grazing Prec Temp T Jul T Jan Gams Icc 
Larix 0.62 -0.02 -0.40 -0.05 0.28 0.41 -0.55 -0.56 -0.55 0.46 0.62 
Elevation   0.07 -0.37 0.04 0.30 0.69 -0.89 -0.90 -0.85 0.81 0.96 
Slope     0.06 -0.03 -0.01 0.12 -0.10 -0.10 -0.09 0.06 0.05 
Cover       0.35 -0.27 -0.23 0.33 0.33 0.32 -0.29 -0.37 
BA         -0.15 0.03 -0.03 -0.03 -0.04 0.06 0.05 
Grazing           0.24 -0.32 -0.32 -0.30 0.20 0.27 
Prec             -0.90 -0.88 -0.90 0.18 0.62 
Temp               1.00 0.98 -0.53 -0.82 
T Jul                 0.97 -0.56 -0.82 
T Jan                   -0.47 -0.82 
Gams                     0.79 
r > 0.6 in bold. 
 
 
Figure A1. Distribution of larch forests in Piedmont and Aosta Valley. Mesalpic and endalpic 
climatic sectors in the western Italian Alps. Location of Varaita Valley. 
 
 
Figure A2. Relative frequency distribution of the state variable. 
 
 
 
Figure A3. Potential landscape and local minima (red dots) and maxima (blue diamonds) using 
the state variable (i.e, the percent of larch basal area), and Gams index (left) and Icc (right) as 
drivers.  
 
 
Figure A4. Potential landscape of larch forests in the western Italian Alps. Red straight lines 
represent stable states and blue dashed lines unstable states. Forest succession changes species 
composition from pure larch forests to other forest types. Natural disturbances (e.g., forests fires 
or snow avalanches) and anthropic disturbances (e.g., forest grazing or silvicultural interventions) 
favor larch regeneration and maintain larch forests. In the subalpine belt, Pinus cembra forests 
are an alternative stable state. 
 
 
Figure A5. Photos of larch forests in the western Alps. A: European larch forest. B: larch wood 
pasture. C: mixed Larix decidua-Pinus uncinata forest. D: regeneration of Pinus cembra under 
Larix decidua. 
